ABSTRACT The cooperative communication with simultaneous wireless information and power transfer can provide a potential solution to meet the demands of next-generation green transmission. In this paper, we consider a cooperative system where each user has the capability of energy harvesting (EH) from the radio frequency and relays the data of other users. Our target is to minimize the overall energy consumption while satisfying the quality of service constraints of each user in terms of minimum required data rate. The time division scheme is adopted for data transmission and relaying while power splitting protocol is used at each node to receive information and energy, concurrently. We optimize the transmit power for data and relay transmission at each node and find the optimal time sharing for user cooperation. Unfortunately, under the decode and forward relaying the complex primal problem is not convex. Thus, we first re-formulate the problem into standard optimization and then transform to a convex problem. We solve the problem through duality theory and derive the closed form solution of the primal variables. Further, we consider the cooperative communication without EH and non-cooperative transmission with EH, and then optimal solutions are obtained from similar techniques. Finally, simulation results are provided where the performance of the proposed solutions is compared with the non-optimized cooperation time and without EH models.
I. INTRODUCTION
Energy efficient designs for the fifth generation (5G) communication systems have gained much popularity [1] . The dense population of communication nodes in the near future demands for higher sensitivity towards energy consumption to reduce the overall CO 2 emissions [2] . A number of exciting applications of wireless sensor networks (WSNs) will be observed e.g., health-care systems, disaster management systems, internet of things (IoT), etc. These systems require the network to operate for a long time under limited power due to the difficulty in replacing batteries. The diversity of applications provided by WSNs have already attracted a large amount of research [3] . Intelligent resource optimization techniques have shown strong ability to achieve energy efficiency in wireless systems [4] - [10] . Chai et al. [4] studied lifetime maximization of WSNs by optimizing time and power allocation in the time division multiple access (TDMA) based transmission under the constraints of minimum rate requirement per node and the limited power consumption allowed at each transmitter. Optimal power allocation for sum energy minimization is investigated in [5] . A similar problem was studied in [6] to minimize overall transmit power in a cognitive radio (CR) based single user system. The power minimization problem in a multi-user system was explored in [7] while guaranteeing the minimum signal to interference and noise ratio (SINR) requirement of each user. Moreover, the authors in [8] - [10] worked on fair energy minimization among different users.
Energy harvesting (EH) from green sources has emerged as a potential candidate to provide higher energy efficiency and enhanced network lifetime. Further, EH from radio frequencies (RF) has gained much attention because of its potential to prolong the overall lifetime and to maximize the throughput of the system [11] . The motivation behind this idea is based on the fact that an information signal carries energy that can be used for information decoding and/or energy harvesting [12] . Time switching (TS) and power splitting (PS) based techniques are used to harvest the RF energy in simultaneous wireless information and power transfer (SWIPT) systems [13] . Recently, a number of works in literature considered resource optimization for various EH enabled wireless systems [14] - [16] . Rakovic et al. [14] studied the EH in battery free underlay CR transmission where different secondary users apply TS strategy to harvest the available RF energy. Similarly, the work in [15] investigated optimal power allocation to enhance the sum throughput of all the users. Energy harvesting optimization in a device to device communication systems was explored in [16] .
Cooperative communication has gained much popularity as a potential candidate for the next generation wireless networks [17] , [18] . In cooperative transmission, an intermediate node helps to relay the data received from a source to the destination [19] . Relay transmission is generally known to enhance the end to end throughput, reduce the energy consumption, and provide better coverage to the cell edge nodes [20] . Amplify-and-Forward (AF) and Decode-andForward (DF) are the two commonly adopted relaying techniques. In AF, the relay receives the signal in the first time slot and forwards the amplified version of the signal in the next time slot [21] . On the other hand, in DF protocol, the relay decodes the information received over the first hop and re-encodes and forwards to the destination in the second time slot [22] . Unlike AF, the DF technique does not suffer from noise enhancement over the second hop [23] . The power minimization in relay enhanced wireless networks has been studied in [6] , [24] - [26] . Alizadeh and Sadough [24] proposed a semi-definite relaxation technique to minimize the sum power in a dual hop network. An interference mitigation based power optimization strategy was proposed in [6] . The work in [25] studied optimal power allocation for minimizing energy consumption of relay aided WSN while guaranteeing minimum rate requirements. In [26] , Atitallah et al. proposed a new relay selection algorithm to reduce the power consumption in a relay-aided clustered WSN subject to maximum tolerable bit error probability.
RELATED WORK AND CONTRIBUTIONS
Optimizing relay aided transmission under EH has been recently considered in [28] - [32] and [34] . The work in [27] considered SWIPT system and optimized power allocation and PS ratio for maximizing energy efficiency such that the constraints of maximum allowed transmit power at each node and the minimum sum rate requirement of the system are satisfied. Atapattu and Evans [28] focused on optimizing PS ratio to maximize the throughput of the three node system having a source, a relay, and a destination node. The work in [29] proposed a hybrid TS and PS ratio optimization framework for the AF and the DF relay networks to maximize end to end throughput of the system such that the fixed power source at the relaying node is missing. In [30] , Bahbahani and Alsusa investigated relay selection strategies in EH dual hop networks. Singh and Ochiai [31] aimed to maximize systems capacity by optimizing PS ratio and relay selection in a system where the source and the destination node are connected through clusters of relays. The problem in [32] studied the best rout selection for lifetime maximization in a multiuser multi-hop environment with and without EH capabilities under the maximum transmit power constraint. Recently, Mishra and De [33] considered two hop transmission and introduced a dual purpose intermediate node such that the relay not only forwards the data but also provides the wireless energy to the source node. The objective was to maximize the system's throughput with optimizing the time duration for EH and transmission at the source node. The EH based works discussed in [27] - [33] considered non-cooperative model 1 where the dedicated relay nodes are deployed to forward the data received from the source. A fully cooperative transmission framework where different nodes provide cooperation in relaying and EH to each other can bring potential benefits and is missing in the literature to the best of authors' knowledge.
In this work, our aim is to minimize the overall power consumption in a cooperative EH relaying system. We consider a fully cooperative network where each node relays the data of the other node and harvests the RF energy from the received signal. We optimize the power allocation and the time fraction at each node for the data communication as well as for the relay transmission. Each node is equipped with a pair of antennas to facilitate simultaneous EH and transmission [34] . Specifically, our contributions can be summarized as:
• An optimization problem is formulated to minimize the sum transmit power subject to quality of service (QoS) constraint of each user and the separate power constraints at each transmitting node.
• Under DF relaying protocol, we consider joint optimization of power allocation for data transmission, power loading for relaying, time fraction for data transmission, and the time share for the relaying.
• Exploiting the fact that a higher achievable rate at the second hop is useless, the complex problem is first transformed to the standard minimization problem and then an equivalent convex optimization problem is obtained.
• A joint optimization solution for all variables is obtained from the duality theory where the power and time ratios are obtained from Karush-Kuhn-Tucker (KKT) conditions and the dual problem is solved through sub-gradient method. • Further, the joint optimization under system limitations are also considered where the solutions are derived while the nodes are unable to cooperate or when the EH is not possible.
• Later two sub-optimal solution are also presented where power allocation is optimized for the fixed time sharing ratio with and without EH.
• Finally, results are evaluated through pervasive simulations. The remainder of this paper is organized as follows. The joint power and time allocation based framework along with the system model is presented in Section II. Section III includes proposed solution. The optimization under system limitations is presented in Section IV. Finally, the simulation results and the conclusion are presented in Section V and Section VI, respectively.
II. SYSTEM MODEL AND PROBLEM FORMULATION
The system consists of two source nodes and a sink as shown in Fig. 1 . We propose a cooperative model such that each node helps in relaying the data of other node and in reward enjoys a share of energy for its own transmission. We adopt PS based EH mechanism [35] such that a part of the received signal power is used for information decoding and energy is harvested from the remaining. We assume an orthogonal transmission such that the two nodes transmits over independent channels. The sink is equipped with a single antenna while each source node is supported with a pair of antennas to facilitate simultaneous transmission and reception over independent frequencies without self interference [34] . Further, a time division (TD) multiplexing based transmission protocol is adopted where each node transmits its data and forwards the other node's data with a variable TD ratio. Thus, the overall transmission is divided into two phases: the direct transmission mode and the decode and forward (DF) relaying mode. In the first phase, the i-th node transmits its data and receives the signal of the other node, decodes the information and harvests the energy. In the relaying mode, the first (second) node relays the decoded information of the second (first) source and harvests the energy from the relayed signal by the second (first) node.
We seek to minimize total power consumption of the system while jointly optimizing the power allocation and the TD ratio subject to QoS and the energy harvesting causality constraints 2 The i-th node transmits its data with power p i,1 for ∝ i,1 time and relays the data of other user with p i,2 power for ∝ i,2 time duration. The problem can be written mathematically as:
where
Power splitting ratio of ith node is denoted by β i . The first constraint ensures that energy consumption of each node does not exceed the available budget where P B is the battery power and ψ represents the harvested energy. The first part of ψ represents energy harvested by node i from the signal of node i , when i is in direct transmission mode. The second part shows the energy harvested by node i when node i is relaying the data to the sink. The i-th source doesn't require to decode information in the second transmission phase and hence the received signal is completely used for energy harvesting. The second constraint guarantees that the total achievable rate of each node satisfies the minimum requirement where σ 2 is the variance of Additive White Gaussian noise (AWGN). The third constraint defines the fraction of time allocated by each node for relaying and direct transmission. The definitions of different variables used in this paper are given in Table 1 .
III. PROPOSED SOLUTION: JOINT POWER ALLOCATION AND COOPERATION TIME OPTIMIZATION
We first transform P1 to a standard optimization form. The structure of constraint in (3) originates from the DF relaying protocol where the end to end rate is always the minimum of the two hops. Exploiting the fact that the higher rate at the second hop does not provide any benefit under the 2 A joint optimization over TD ratio, power allocation, and PS ratio can further enhance the performance, however is beyond the scope of this work.. We assume Rayleigh fading over all links and denote the channel gains from the i-th node to the sink and to the other source node as h i and f i , respectively, and define h i = |h i | 2 , and f i = |f i | 2 . considered model, we can re-write the problem into standard form:
∀i. The constraints (5) and (6) 
min
This is a standard convex optimization problem. Thus, the duality theory can be exploited to find the optimal solution [36] . The dual problem associated with P2 is:
where the objective function in (13) is defined as:
The structure of the dual function in (14) permits the decomposition of the optimization into following independent subproblems:
The problem in (15) is a standard convex optimization and thus KKT conditions becomes necessary as well as sufficient for the optimality [36] . With
and
λ k f i , the KKT conditions yield:
From (16) we obtain:
where (x) + = max(0, x) and i , i and i are defined in the Appendix A. Similarly, solving (17) we get:
Next, we substitute the values of s i,1 and s i,2 from (18) and (19) in (15) . With this it remains to obtain ∝ i,1 and ∝ i,2 . For tractability of solution, we exploit the fact that for any f ( ), a deceasing function of , minimizing f ( ) or f ( ) 2 is equivalent. Thus, we solve the optimization in P3, given in Appendix C, for ∝ i,1 and ∝ i,2 and obtain the results given in (20) , as shown at the top of the next page. The values of¯ i , i ,ᾱ i and α i are reported in the Appendix B. Thus, the dual function in (14) is obtained.
To solve the dual problem (13), sub-gradient method [36] provides the optimal solution. The sub-gradients are defined as:
Finally, at each (l + 1)-th iteration, the dual variables are updates as:
In each iteration, the values of dual variables as well as s i,j and ∝ i,j are updated. The optimal values of optimization variables p * i,1 , ∀i, p * i,2 ∀i, and ∝ * i,j ∀i, j are obtained from (18), (19) , and (20) , respectively, at the convergence. This completes our proposed optimization scheme and the solution steps can be summarized as: 1) Initialize all the dual variables and step size.
2) Calculate p i,1 , p i,2 and ∝ i,j using (18), (19) and (20), respectively. 3) Update λ i , τ i , η i , θ i as given in (24) - (27) . 4) Repeat step 2 and 3 until convergence. For general multiuser scenario, with U number of users (U >> 2), it might not be feasible for each node to relay the data of all other U − 1 users along with its own transmission. Thus, a better way is to pair the users in such a way that each user helps in relaying the data of one and only one user. In this case, the optimization in multiuser scenario can easily be decomposed into two user case. Thus, the proposed solution in this section can directly be applied to the multiple user optimization and is not provided in this work for simplicity.
IV. POWER OPTIMIZATION UNDER SYSTEM LIMITATIONS
In this section, we look into the special cases where we consider the problem P1 under system limitations. Specifically, we first consider a case when the transmitters do not have the relaying capabilities and secondly when the nodes are unable to do EH. For similarity in the nature of optimization, in the following sub-sections we provide the problem formulation and the solution for each case without providing the detailed steps. VOLUME 6, 2018
A. POWER ALLOCATION WITHOUT RELAYING
In this case, the nodes do not cooperate in relaying information and thus the entire time is used for the data transmission. Further, there is no need of decoding the information and all the harvested energy at the i-th node is used for its own data transmission. The optimization becomes:
The problem is convex in p 1 , p 2 and the associated dual problem is given below:
Applying KKT conditions, we obtain the water-filling based solution such that:
where λ i and η i are the dual variables and can be obtained from the sub-gradient method.
B. POWER AND TIME SHARING OPTIMIZATION UNDER NON-EH SYSTEM
In this scenario, we assume that the two nodes help in relaying the data of each other, however are unable to harvest the energy. Thus, both the power allocation and the cooperation time are optimized. The problem is stated mathematically as:
The optimization is similar in nature to P1 and thus the solution follows same steps. The values of optimal power allocation and TD ratio are given in (37), (38) and (39), respectively.
with where:
and g i = 1 + λ i .
V. SIMULATION RESULTS
In this section, we present the simulation results. We consider Rayleigh fading channels chosen from independent and identically distributed Gaussian random variables. For the results in Fig. 2 and Fig. 3 , the values of P B and β i , ∀i are taken to be 3W, and 0.5, respectively. Further, we set R T = 10 b/s/Hz for Fig. 4, Fig. 5, Fig. 6 , and Fig. 7 . To validate the optimality of the proposed joint optimization solution, we also display the values of dual objective at the solution points.
We compare the performance of the following algorithms:
• OCC-EH: This corresponds to the joint cooperation time and power allocation optimization with EH proposed in Section III.
• FCC-EH: A sub-optimal scheme where the power allocation for direct transmission and relaying at each node is optimized under a fixed TD ratio. Specifically, we assume ∝ i,j = 0.5, ∀i, j and solve the following optimization problem:
while the solution is not given for simplicity.
• NCC-EH: This refers to the optimization of power allocation without relaying proposed in Section IV-A.
• OCC-NEH: The joint power and time sharing optimization framework considered in Section IV-B.
• NCC-NEH: This corresponds to optimal power allocation when the nodes neither harvest energy nor relay data of other node. Problem formulation and the corresponding solution are missing for simplicity. Fig. 2 shows the effect of increasing R T on power consumption. Naturally, for each scenario, the power consumption increases with increasing the threshold. We observer that the total power consumption of the non-cooperative systems is considerably high. The two schemes OCC-EH and OCC-NEH provide the best performance for all values of R T . The cooperative scheme where the TD ratio is not optimized (FCC-EH) requires more power than the joint power and time sharing schemes. However, FCC-EH exhibits much better performance than the non-relaying systems. Further, we see that the gap in total power consumption with and without cooperation increases with increasing the R T . Thus, the proposed cooperative transmission protocol offers notable benefits in terms of enhancing the system's lifetime and becomes more significant for higher QoS requirements. Last but not least, the duality gap (the difference between solutions of the dual problem (12) and P2) is approximately zero, hence, the proposed solution is optimal [36] .
For the sum power minimization problems, the value of the objective function at solution points does not depend on the amount of total available power at any given time. Hence, we do not see any impact of EH on the total transmit power in Fig. 2 . It is worth mentioning that the lifetime of the network depends on the availability of power for a longer time. In this context, we define the residual energy (RE) as the remaining power (for later use) after transmission in a given time i.e., RE i =χ i −ξ i , wherē Thus, a higher residual energy will guarantee longer life of the system. The results for the RE versus R T for different schemes are presented in Fig. 3 . Though the OCC-EH and OCC-NEH had shown similar performance in the Fig. 2 , here the OCC-EH outperforms. Similarly, a significant gap between NCC-EH and NCC-NEH is observed. This gain is achieved purely from the EH as both are the non-cooperative systems. Further, it is interesting to note that although in Fig. 2 power consumption of the FCC-EH is greater than OCC-NEH, RE for FCC-EH is greater than OCC-NEH because of the EH mechanism. The EH system with non-optimized TD (FCC-EH) performs better than the noncooperative transmission (NCC-EH). Hence, we summarize that the proposed joint cooperative EH model provides significant gains over the other systems. We have studied the joint power and cooperation time optimization for the given PS ratio at each node. It is interesting to look into the effect of PS on the performance of the proposed model. We plot the power consumption versus β i where β 1 = β 2 in Fig. 4 . Please note, in this case, only joint EH and relaying system will be considered. Clearly for all values of β i , the OCC-EH outperforms the FCC-EH. It can be seen that as β i increases, more power is required under FCC-EH optimization. On the other hand, power consumption of OCC-EH remains constant for β i = 0.1 to 0.7. This shows that until fraction of the received energy used for information decoding (1 − β i ) is 0.3, the proposed scheme is able to keep the power consumption constant through TD ratio optimization. The gap between both curves increases with increasing β i , this is due the fact that for less available energy for information decoding, only power optimization is not sufficient and relay time optimization becomes more significant. Nevertheless, the proposed joint power and the TD ratio optimization model is able to provide stable performance for almost entire region. Fig. 5 shows the residual energy of each scheme versus β i , it is clear from the graph that OCC-EH outperforms FCC-EH for all the values of β i . The slight increase in residual energy in OCC-EH for β i =0.1 to 0.7 is due to the increase in the fraction of received energy used for EH. On the other hand, for large values of β i , the fraction of received energy used for information decoding decreases such that the relaying time can not be optimized to transmit at the same power. Thus, the residual energy decreases, this can be seen in Fig. 5 , ∀β i > 0.7. Although the fraction of energy P3 :
used for EH is increasing, the increase in power required for transmission is far greater, thus, the overall residual energy decreases. From Fig. 5 , it can be seen that the optimal value of β i is 0.7 and at this value the maximum residual energy is offered. This means that for β i =0.7, the system would have maximum lifetime. Last but not least, we look into the convergence behavior of the purposed scheme. Figure 6 shows the convergence of dual variables and Fig. 7 shows the convergence of power consumption and rate of each user. It can be seen that the curves converge within a reasonable number of iterations.
VI. CONCLUSION
In this work, we proposed a two user cooperative model where each user harvests the energy from the transmission of other users and pays back in the form of relaying the data. A sum power minimization problem was considered with transmit power and TD ratio optimization at each user node. Under DF relaying strategy, the optimal solution was obtained from convex optimization subject to the minimum rate requirement of each user and the independent power constraint at each transmitting node. Moreover, the solutions are designed for the same objective under limited system capabilities, i.e., the transmission without EH and/or relaying. Finally, the simulation results showed the superiority of the proposed framework and its optimality is validated such that the duality gap becomes zero at the solution points.
APPENDIX A
The values of i , i and i in (18) are given by: . VOLUME 6, 2018
